During the activation of the inactive dinitro- Dinitrogenase reductase (Rr2) from Rhodospirillum rubrum is inactive as isolated (1) and has been shown to have two pentose, two phosphate, and two adenine-like molecules (Ad) attached per 60,000 molecular weight dimer (2). The role of these groups in activation is discussed in this paper.
Dinitrogenase reductase (Rr2) from Rhodospirillum rubrum is inactive as isolated (1) and has been shown to have two pentose, two phosphate, and two adenine-like molecules (Ad) attached per 60,000 molecular weight dimer (2) . The role of these groups in activation is discussed in this paper.
Other enzymes have been shown to have ribose, phosphate, and adenine covalently attached. The first of these was glutamine synthetase (GS) from Escherichia coli; it has up to 12 AMP molecules per dodecamer (3) . The adenylylated form of the enzyme is much less active in the biosynthesis of glutamine than is the unadenylylated form. Cleavage of the bond between a tyrosine residue on the protein and the phosphate of AMP by a specific enzyme (ATase) isolated from E. coli or by snake venom diesterase (SVD) activates the enzyme. The E. coli enzyme can also adenylylate GS with ATP as an AMP donor.
The RNA polymerase of E. coli has its template specificity altered by ADP-ribosylation (4) . The ADP-ribose donor is NAD+, and linkage to the protein is through arginine-ribose. ADP-ribose is susceptible to hydrolysis either by SVD or by a glycohydrolase from chromatin material (5) , but the two enzymes cleave the ADP-ribose in different places. The adenine/ribose/phosphate ratio is 1:2:2 for RNA polymerase and 1:1:1 for the adenylylated GS.
The dinitrogenase reductases from other organisms do not appear to have the pentose-, phosphate-, and Ad-containing group (2), and they do not require activation. In this paper, evidence is presented to show that the Ad, but not the phosphate group, is removed upon activation. The role of ATP and metals in activation also is established.
MATERIALS AND METHODS Enzymes. The Rrl and Rr2 of R. rubrum and the activating factor (AF) were purified as described (2, 6) . Alkaline phosphatase from E. coli was obtained from Sigma. This preparation (type III-R) was essentially free from DNase and RNase activities and had a specific activity of 31 ,umol of p-nitrophenyl phosphate hydrolyzed per min per mg of protein. The stock solution of phosphatase was diluted 1:60 before use, and 50 MIl of the diluted solution was used per assay (0.07 unit per assay). SVD type II also was obtained from Sigma; 1.6 units of the enzyme was dissolved in 2 ml of buffer and 50 ,ul was used per assay (0.04 units per assay). Because of the lability of this preparation, its activity was checked before it was used on R. rubrum Rr2 by measuring its rate of hydrolysis of bis-p-nitrophenyl phosphate. The SVD used was low in 5'-nucleotidase activity, inorganic pyrophosphatase activity, and phosphatase activity but had considerable nucleotide pyrophosphatase activity. Spleen diesterase (SpD) from Sigma was dissolved in buffer so that 50 ,ul contained 0.3 unit; 50 ,ul was used in each assay. It had considerable phosphatase activity.
Enzymatic Treatment of Rr2. Ten to 20 nmol of Rr2 was treated with enzymes (SVD, SpD, alkaline phosphatase) and AF in the presence of ATP, metal ions, and other compounds. The treatments werecarried out anaerobically (unless otherwise noted) in the presence of 1 mM dithionite in 5-ml stoppered serum vials. After incubation for 3-4 hr, the sample, or part of the sample, was transferred to a test tube containing 5 ml of 5% trichloroacetic acid for precipitation of protein and removal of unbound parts of the modifying group. When the entire sample was used, the vial was washed with 1 ml of 0.5% NaOH, and this was added to the trichloroacetic acid. Precipitates to be assayed for Ad were washed in 5 ml of 100 mM acetic acid; this removed interfering trichloroacetic acid. Samples to be assayed for phosphate were digested: 2 ml of 2 M HC1 was added to the precipitated samples which then were boiled to dryness; 1 ml of 2 M HCO and 20,gM of 30% H202 were added, and again the solution was boiled to dryness. Five sequential additions of 100 MlI of H202 with heating to dryness between the additions completed the hydrolysis. Products from each treatment were assayed in duplicate.
The effect of different enzymes on the activity of the Rr2'was tested. Samples taken from the mixtures described above were assayed for their acetylene reduction activity.
Assays. The orcinol assay (7) was used for pentose; phosphate was measured with Chen's modification of the molybdate assay (8) . Adenine was measured by its fluorescence after treatment with glyoxal hydrate (9) . Assays for these compounds have been described in detail (2) . Protein was precipitated with 5% trichloroacetic acid and then estimated by the microbiuret method. Nitrogenase activity was measured by the acetylene
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. reduction technique (10) . Walker and Mortenson's assay (11) for release of Fe-S centers from Rr2 was performed as modified by Ljones and Burris (12 spectrum of tyrosine, so apparently the tyrosine in the sample remained at the origin. The Ad showed no fluorescence before treatment with glyoxal hydrate/acetic acid. The samples used on the thin-layer plates had not been treated with glyoxal hydrate. Staining for phosphate revealed a spot just above the origin; AMP (RF, 0.5) ran far ahead of this spot. When the Rr2 hydrolysate was treated with alkaline phosphatase, the spot just above the origin disappeared and a new spot corresponding to free phosphate was detected near the front. When 100 mM acetic acid was added to the LiCl solvent, the phosphate-containing compound ran with an RF of -0.5.
Role of ATP and Metals in Activation. ATP was required for activation of reduced Rr2. AMP, ADP, AdoPP[NH]P, GTP, or UTP would not substitute for ATP; active dinitrogenase reductases have a specificity for ATP as a substrate. The concentration of metal ions required for optimal rates of activation of the Rr2 (1) are in excess of the molar ATP concentration required, and this indicates that metals have two roles in activation: to complex with ATP and to bind at some other site on the AF or Rr2.
ATP binds to both active and inactive Rr2. This was demonstrated with Walker and Mortenson's (11) assay for ATPdependent exposure of Fe-S centers to Fe2+ chelators. Fe2+ chelation is revealed by an increase in absorbance at 535 nm as a Fe2+-BPS complex forms. Active and inactive Rr2 released its Fe-S centers at essentially the same rates in assay mixtures (1 ml) containing 2.7 nmol of protein, 1 mM BPS, and 1 mM MgATP. The rates were substantially slower than for Cp2 under similar conditions (12) , and the background rate in the absence of ATP was slower than that for Cp2. The reactions in the presence of ATP were allowed to go to completion, and 3.5-4.8 atoms of Fe2+ were released per molecule of Rr2. NAD+, an inhibitor of activation, did not induce the opening of the Rr2 nor did it inhibit the ATP-dependent release of Fe2+ (Fig. 4) . These results are in contrast to those recently' reported by Carithers et al. (15) who found no effect of ATP in the release of Fe2+ from partially purified Rr2. It should be noted that a,a-dipyridyl has an e mM of 8.4 at 520 nm. Less than 16 nmol of Rr2 in a 2.5-ml assay (6.4 nmol/ml) was used in these experiments and 6.4 nmol of Rr2 should contain 25 nmol of Fe. Calculations show that the maximum A520 observed should be 0.21 (based on an E mM of 8.4 for a,a-dipyridyl) if the protein were pure. Because an A52o of >0.5 is reported, we suggest that they are observing Fe other than that in the Rr2.
Very little AF-dependent ATP hydrolysis occurred during activation. In one experiment, 4 nmol of ATP was hydrolyzed during the activation of 37 nmol of Rr2. We were unable to detect pyrophosphate as a product of the activation reaction. ATP hydrolysis does not appear to be linked to activation.
When Rr2 was exposed to air, the Ad became susceptible to removal by AF in the absence of ATP (Table 2 ), but metal ions still were required. Alkaline phosphatase still could not remove the phosphate from 02-inactivated Rr2 ( Table 3 After aerobic treatment for 20 min, samples were made anaerobic and AF was added. Samples were treated for 3 hr and then precipitated for Ad assay.
phosphate was removed from 02-treated Rr2 in the presence of AF only; the reason for this is not clear.
The fact that Ad could be removed from 02-inactivated Rr2 in the absence of ATP suggested that an attempt be made to activate oxidized Rr2 in the absence of ATP. Rr2 was oxidized with 1 mM phenazine methosulfate under 02-free conditions and, after treatment as described in Table 4 , 20-II aliquots were assayed for acetylene reduction in the presence and absence of AF. The acetylene assays in the presence of AF showed that the Rr2 was not destroyed during the incubation, whereas the acetylene assays in the absence of AF showed whether or not the Rr2 was activated during the incubation. Although a trace of AF was carried over when the 20-pA aliquot was diluted into the 0.5-ml acetylene reduction assay mixture, there was no Mn2+ in the assays lacking AF, so the observed activity is clearly due to Rr2 that has been activated during incubation in the absence of ATP but in the presence of phenazine methosulfate. DISCUSSION Fig. 5 After aerobic treatment, the samples were made anaerobic and AF was added. After treatment for 3 hr, the samples were precipitated and digested for phosphate analysis.
Proc. Natl. Acad. Sci. USA 76 (1979) lipoferum dinitrogenase reductases are different from other dinitrogenase reductases because they are isolated in an inactive state. Only Rr2 has been shown to contain pentose, Ad, and phosphate, and R. rubrum is unique among N2-fixing bacteria in that its nitrogenase system completely loses activity in vivo within a few minutes of the addition of ammonia to a culture (16, 17) . It is attractive to conclude that the activation system for Rr2 is a part of this ammonia feedback system of regulation. Whole cells of R. rubrum exhibit a lag in nitrogenase activity when they are transferred from the dark to light (18) . The Rr2 we have isolated may be inactive because the cells were collected in the dark, but we have not discovered a way to collect the cells so that active Rr2 can be isolated directly from them. Carithers et al. (15) have recently reported that crude extracts of R. rubrum grown on limiting ammonia exhibit nitrogenase activity in the absence of Mn2+. This activity can be presumed to be due to Rr2 in its active state. We have demonstrated that purified Rr2 can be converted to an active form and that AF and Mn2+ then are no longer required for activity (1, 2) . The system of activation described here is unlike the systems involving adenylation or ADP-ribosylation of some other proteins because in this system only part of the modifying group is removed upon activation. Also, a preliminary change in the conformation of the modified enzyme then allows activation.
It has recently been suggested by Scherings et al. (19) that the AF from R. rubrum might function in a system for the protection of Rr2 from 02, as they observe in Azotobacter vinelandii. This is unlikely for several reasons: AF itself is 02 labile; unlike the A. vinelandii protein, purified AF is colorless in solution; AF is recovered in far smaller amounts (on a protein basis) than is Rr2, and a trace amount of AF (again on a protein basis) can activate a large amount of Rr2.
Nordlund et al. (20) have concluded that a stable complex of AF and the nitrogenase system is formed which is required for enzyme turnover. This conclusion is based on the saturation that is seen when crude preparations of the nitrogenase system and partially purified AF are titrated against each other. We have attempted similar experiments (unpublished) and have obtained inconclusive results. It is possible to saturate purified Rr2 with AF, but the maximal activity observed depends on the batch of AF used. We attribute this to the presence of 02-inactivated AF (02-inactivated AF inhibits activation) arid to the presence of ATPase in less-purified preparations of AF. Thus, saturation experiments should be interpreted with caution, because increasing levels of two substances inhibitory to the nitrogenase system (inactive AF and ATPase) are being added with AF. We have demonstrated (1, 2) that it is possible to separate AF from activated Rr2 on a DEAE-cellulose column and to obtain active Rr2 that shows no lag in activity and that does not require high Mg2+ or Mn2+ concentrations for activity.
